Charge density wave (CDW) order has been shown to compete and co-exist with superconductivity in underdoped cuprate superconductors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] visit resonant x-ray scattering measurements of the CDW symmetry in YBCO, utilizing a variation in the measurement geometry to provide enhanced sensitivity to the CDW orbital symmetry. We show the (0 0.31 L) CDW peak measured at the Cu L edge is dominated by a simple s form factor rather than a dominant d form factor CDW as was reported previously. In addition, by measuring the CDW orbital symmetry at both (0.31 0 L) and (0 0.31 L), we identify a pronounced difference in the orbital symmetry of the CDW order propagating along the a and b axes, with the CDW propagating along the a-axis exhibiting some form of orbital order in addition to charge order. Model calculations indicate that candidates for the unusual orbital symmetry of the a-axis CDW have large in-plane orbital asymmetry or modulate the orbital orientation.
form factor CDW order in YBCO. In contrast to these observations, RSXS measurements at the Cu L and O K edges in the spin-charge stripe ordered cuprate La 1.875 Ba 0.125 CuO 4 (LBCO) find the CDW order to have predominantly s/s form factor, [25] indicating that the symmetry of the CDW form factor may not be generic to the different cuprate materials.
Moreover, Achkar et al. [25] also showed that the orbital symmetry of CDW order is not generic even within YBCO, differing for CDW order propagating along the a and b axes.
In this letter, we present additional RSXS measurements of the orbital symmetry of CDW in YBCO. We follow an experimental approach similar to refs. 23 and 25, but utilize an experimental geometry that provides greater contrast to the d vs. s or s form factor.
Contrary to Comin et al., [23] we find no clear evidence for a d form factor CDW in YBCO.
Rather, measurements of the (0 0.31 L) peak measured at the Cu L appear to be dominated by an s form factor component of the CDW order, similar to LBCO. [25] However, the symmetry of the (0.31 0 L) CDW peak differs from that of the (0 0.31 L) peak and implies a form of orbital order accompanying the charge order propagating along the a axis, adding a new element to other observations of a uni-directional character to CDW order in YBCO. [6, [25] [26] [27] [28] The experimental technique involves measuring the resonant x-ray scattering at the Cu L absorption edge ( ω = 931.4eV ) and the CDW wavevector. At this photon energy, the scattering intensity is sensitive to modulations in the Cu 3d or core 2p states, and has proven to be an effective probe of CDW order in the cuprates. By varying the photon polarization relative the crystallographic axes, resonant x-ray scattering can also provide insight into the orbital symmetry of the density wave order. This can be understood by considering the CDW scattering intensity, I, on resonance in terms of tensor quantities, akin to the index of refraction in an anisotropic media:
where and are the incident and scattered polarization vectors, respectively, and
is a tensoral expression of the x-ray scattering structure factor.f j is the atomic scattering form factor tensor for an atom at site, j, and the symmetry off j follows from the local point group symmetry of that site.
[29] Accordingly, the symmetry ofF ( Q, ω) relates to (but is distinct from) the point group symmetry of individual sites and how that symmetry is modulated by the density wave order.
For instance, a simple s or s form factor charge density wave order, corresponding to a sinusoidal modulation of charge density (and properties proportional to charge density),
would have a scattering tensor that has the same symmetry as the average ( Q = 0) electronic structure. indicative of a density modulation on x and y oriented "bonds" that are out-of-phase. [23, 25] This could be seen at the Cu L edge due to shifting in the energy of the Cu 2p x and 2p y core states, [14, 23, 25] or more directly in the occupation of the O 2p state by probing the CDW peak at the O K edge. [25] Other symmetries toF ( Q, ω) may be signatures of a density wave order that involves orbital order or magnetic order.
Experimentally, the symmetry ofF ( Q, ω) can be determined by measuring the CDW Bragg peak intensity at a fixed Q CDW and rotating the sample azimuthally such that the orientation of and vary relative the the crystallographic axes, as shown in Fig. 1 . [23, 25] This approach has been utilized in analysis of the (0 0.31 1.48) peak in YBCO [23] The results of the measurements and subsequent fits for the (0 0.31 L) and (0.31 0 L) peaks using geometries with L 1.48 and L 1.33 are shown in Fig. 2 . In addition, data from Comin et al. [23] of the (0 0.31 L) peak in YBCO-6.75 with L 1.48 are reproduced in Fig. 2(a) , and are shown to be in good agreement with our measurements. The first observation to make about the data in Figure 2 However, this model does not agree with our measurements at Ω = 134
• (Fig. 2b) , where a minimum in I σ /I π at φ 60
• would be expected instead of the observed minimum at φ 100
• . In contrast, a model with F aa F bb >> |F cc | fits well to both Ω = 170
• and 134
• measurements (a least squares fit gives F bb /F aa = 0.998±0.020 and F cc /F aa = 0.049±0.041).
This symmetry forF ( Q, ω) is consistent with the Cu L edge measurements of the CDW order being dominated by an s-form factor component of the CDW order, which would entail a modulation in the orbital occupation (or property proportional to the orbital occupation)
of Cu 3d x 2 −y 2 states. In other words, for the (0 0.31 L) peak, the symmetry of the Cu orbitals that are spatially modulated in the CDW is the same as the average symmetry of the in-plane Cu. This symmetry (F aa F bb >> |F cc |) is similar to that found in Cu L edge measurements of the CDW order in LBCO, where a predominant s symmetry to the CDW order was also deduced from measurements at the O K edge. [25] It should be noted, however, that since measurements at the Cu L edge are expected to be more sensitive to s components of the CDW order even if a sizeable d component to the form factor is present, [23, 25] the observation that F aa F bb >> F cc does not rule out the existence of a d form factor CDW in YBCO, evidence for which has been found from the pattern of oxygen displacements deduced from non-resonant x-ray scattering measurements. [24] We now turn our attention to fitting the symmetry ofF ( Q, ω) for the (0.31 0 L) peak.
In contrast to the (0 0.31 L) peak, fits of the symmetry ofF ( Q, ω) show a substantial departure from the average point group symmetry of the CuO 2 planes for the (0.31 0 L).
This indicates significant orbital ordering in addition to charge order for the density wave orders propagating along the a axis that is not observed (i.e. is not present or too small to distinguish) along the b axis. Unfortunately, the present measurements are unable to uniquely determine the symmetry ofF ( Q, ω). Rather, as shown for selected fits in Fig. 2 c) and d), a range of parameters/symmetries with different physical interpretations provide adequate fits to the data (the regions of fit parameters with comparable reduced-χ 2 are shown in supplementary information). This analysis reveals two symmetry distinct scenarios are found to fit well to the data: models having significant in-plane orbital asymmetry F aa > F bb and/or models having off-diagonal F ac = F ca = 0 elements.
The first scenario, involving a substantial in-plane asymmetry, F aa > F bb , may result from a modulation of the in-plane Cu electronic structure that involves Cu 3d orbitals beyond simply the 3d x 2 −y 2 states that are known to dominate the low energy electronic structure of the CuO 2 planes. Alternately, F aa > F bb , may be indicative of a chain layer contribution to the scattering. However, analysis of the energy dependence of the CDW resonant x-ray scattering did not reveal a contribution to the CDW peak from Cu in the chain layer, which resonates at different photon energies than the Cu in the CuO 2 planes. [5, 30] Moreover, the azimuthal dependence of the (0.31 0 L) peak does not vary as a function of temperature ( Fig. 3) or doping ( Fig. 2) , ruling out contributions from ortho chain ordering to the (0.31 0 L) peak.
The second scenario, the sizeable off-diagonal 
METHODS
Measurements were performed at the REIXS beamline of the Canadian Light Source synchrotron.
[31] Samples were mounted on a copper plug angled at θ w = 32.5
• and 35.5
• to achieve a L = 1.48 and L = 1.33, respectively, as depicted in fig. 1 a) . The photon energy was set to 931.3 eV, the peak of the Cu L 3 absorption edge where the CDW ordering peak is maximal. [3, 5] The incident photon polarization was set to either σ and π. However, the scattered photon polarization or energy is not resolved. H and K scans at various φ values were performed by rocking θ at fixed Ω such that the peak is centered at a fixed Q CDW that does not vary with φ. φ = 0 is defined in Fig. 1 Experimental data.
In fig. S1 we provide an example of the experimental data that was used to determine the φ dependences of I σ and I π shown in the main text. The peak intensities are determined by scanning θ through the CDW peak position. As shown in fig. S1 A • are not offset. C) and D) fits to the fluorescent background of the data at 73 K using a 5th order polynomial. E) and F) The peak intensity for various φ values after subtraction of a polynomial background along with Lorentzian fits to the peaks.
Assessment of the quality of fits and range of parameters that agree with the measurements.
For the (0 0.31 0 L) peak, the measured ratio I σ /I π was fit to a model with;
The best fit to the data was achieved with F bb /F aa = 0.998 ± 0.020 and F cc /F aa = 0.049 ± 0.041. The standard deviation, however, does not adequately represent the uncertainty in the parameters. This is because F bb /F aa and F cc /F aa are not completely independent fitting parameters. Rather, variation in one parameter can be offset with variation in the other in order to improve the fit. A better assessment of the range of parameters that provide good agreement with the data can be achieved by examining the dependence on fit parameters of the reduced values. The curves in B and C were calculated using parameters given by the point in A of the same colour as the curve.
For the (0.31 0 0 L) peak, the measured ratio I σ /Iπ was fit to a more a general model with off-diagonal terms F ac = F ca , indicative of broken bc and ab plane mirror symmetries:
The best fit to the data on the 6.75 sample gave F ac /F bb = -0.073, F cc /F bb = 0.183, and F aa /F bb = 1.172. In figure S3 we present the variation of reduced χ 2 statistic with model parameters. As shown, a range of model parameters provide good agreement with the data with fits with reduced χ 2 < 10 all provide similar quality, comparable to the scattering in the data.
This region with χ 2 < 10 includes models with F ac = 0 and F aa /F bb significantly greater than 1, models that retain ab and bc plane mirror symmetries but has significant in-plane asymmetry.
However, it also includes a model with F aa F bb and F ac = −0.22, a model that breaks ab and bc plane mirror symmetries but retains approximate in-plane asymmetry of the diagonal elements, similar to the (0 0.31 L) peak. through the best fit value F ac /F bb = -0.073, F cc /F bb = 0.183, and F aa /F bb = 1.172. The blue circle represents the best fit value and the error bars denote the 95% confidence interval of the fit. E and F Examples of I σ /I π vs. φ calculated for different reduced χ 2 values. The curves in E and F were calculated using parameters given by the point in C and D of the same colour as the curve.
